In 2001, the US Food and Nutrition Board concluded that there were insufficient data with which to establish a RDA for vitamin K, in large part because of a lack of robust endpoints that reflected adequacy of intake. Knowledge of the relative bioavailability of multiple vitamin K forms was also poor. Since then, stable isotope methodologies have been applied to the assessment of the bioavailability of the major dietary form of vitamin K in its free state and when incorporated into a plant matrix. There is a need for stable isotope studies with enhanced sensitivity to expand knowledge of the bioavailability, absorption, disposition, and metabolism of different molecular forms of vitamin K. Another area for future research stems from evidence that common polymorphisms or haplotypes in certain key genes implicated in vitamin K metabolism might affect nutritional requirements. Thus far, much of this evidence is indirect via effects on warfarin dose requirements. In terms of clinical endpoints, vitamin K deficiency in early infancy continues to be a leading cause of intracranial bleeding even in developed countries and the reasons for its higher prevalence in certain Asian countries has not been solved. There is universal consensus for the need for vitamin K prophylaxis in newborns, but the effectiveness of any vitamin K prophylactic regimen needs to be based on sound nutritional principles. In contrast, there is still a lack of suitable biomarkers or clinical endpoints that can be used to determine vitamin K requirements among adults.
Introduction
In many countries, concepts of setting human requirements for micronutrients, including vitamin K, have evolved over the years according to changing scientific knowledge and a greater awareness of the need for statistically valid methods for their assessment. In addition, there has been increasing recognition of the variety of applications (governmental and commercial) to which such dietary recommendations are put. The US Dietary Reference Intakes for vitamin K were last considered in 2001 (1), at which time the committee felt that there were insufficient data to set a RDA and instead set an AI 5 based on representative dietary intake data from healthy individuals. This decision contains the logic that virtually any diet is adequate to prevent clinically significant changes in coagulation tests that could pose a risk of bleeding, which is the only clearly defined health risk of vitamin K insufficiency. The exception is that the intakes of vitamin K in a very small proportion of exclusively breast-fed infants do not always protect against bleeding and therefore the AI from birth to 6 mo assumes that newborns have also received vitamin K prophylaxis (1). Although the committee did recognize the promising development of biomarkers, such as ucOC, there were no data that had shown a causal link between ucOC (which to some degree is omnipresent in the healthy population) and a reproducible bone health outcome measure. Therefore, in the absence of a suitable endpoint that reflected adequacy of intake for a defined health outcome, the committee decided that a requirement could not be established.
Another problem in establishing robust recommendations was the lack of detailed knowledge of the bioavailability of vitamin K from foods as well as how different K vitamins are transported, taken up by cells, utilized, metabolized, and excreted, all considerations that are central to any consideration of dietary requirements. In particular, there was a huge knowledge gap relating to the sources and metabolism of MK. The aim of this review is to assess our current concepts of metabolism and 1 Supported by the USDA, Agricultural Research Service under Cooperative Agreement no. 58-1950-7-707 , and the NIH (DK69341). Any opinions, findings, conclusions, or recommendations expressed in this publication are those of the authors and do not necessarily reflect the view of the USDA. 2 Author disclosures: M. J. Shearer, X. Fu, and S. L. Booth, no conflicts of interest.
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Current status of knowledge
Intestinal absorption and bioavailability The intestinal absorption of vitamin K follows a wellestablished pathway that applies to most dietary lipids, which includes bile salt-and pancreatic-dependent solubilization, uptake of mixed micelles into the enterocytes, the packaging of dietary lipids into CM, and their exocytosis into the lymphatic system (2) . A simplified diagram of how this absorption process relates to phylloquinone (vitamin K 1 ) and MK-7 is shown in Figure 1 .
Bioavailability of a nutrient is defined as the rate and extent to which the nutrient is absorbed and becomes available to the site of activity (3) . In most diets, green leafy vegetables are the major source of phylloquinone, followed by certain phylloquinone-rich plant oils or fats that are widespread in many food products (4) . One common but limited method for assessing bioavailability is to measure the AUC of plasma measurements during the absorption phase. Gijsbers et al. (5) reported that the 10-h AUC for plasma phylloquinone from raw spinach alone was 4% of that from a detergent-solubilized phylloquinone (Konakion). In contrast, spinach consumed with butter improved the relative bioavailability 3-fold (5) . In a similar study, mean 9-h AUC values from raw or cooked broccoli, raw spinach, and romaine lettuce ingested with a standard test meal ranged from 9 to 28% of that from a Konakion tablet but did not significantly differ from each other (6) . One disadvantage of these 2 studies (6) is that they were small and absorption efficiencies from foods were compared to drug formulations of phylloquinone. In a larger, well-controlled residential study (7) , the difference between the bioavailability of phylloquinone from a vegetable matrix (raw broccoli) compared to an unbound form (fortified oil) was much less apparent, with 24-h AUC values for the broccoli diet representing w60% of those from the oil diet.
In the last 10 y, methods have been developed to study the bioavailability of tracer amounts of phylloquinone by stable isotope technology (8) (9) (10) (11) (12) (13) . This technique combined with compartmental modeling has obvious advantages of specificity and sensitivity and is currently expanding our knowledge of the absorption, disposition, and metabolism of phylloquinone in humans. In particular, the ability to label phylloquinone with deuterium or 13 C during the growth of plants allows the study of the bioavailability of phylloquinone under conditions that closely replicate the normal digestive process. Compartmental analysis of the plasma distribution of 13 C-labeled phylloquinone after consumption of isotopically labeled uncooked kale (with 30 g oil) gave a mean bioavailability of phylloquinone of only 5% (14) . This is much lower than the absorption efficiency of w80% for free [ 3 H]-radiolabeled phylloquinone as measured by balance studies (15) .
Jones et al. (12) reported that the absorption of a physiological dose (20 mg) of free 13 C-phylloquinone varied according to the type of accompanying meal that had been formulated according to 3 dietary clusters identified in the UK. Significantly more phylloquinone tracer was absorbed when consumed with heart-healthy (termed cosmopolitan) or animal-based foods than with the meal pattern characterized by fast foods (termed convenience meal). The convenience meal contained a similar fat concentration compared to the other meal patterns but was 2-fold higher in PUFA than the other meals, suggesting that differences in vitamin K absorption might be explained by PUFA rather than total fat. In a second part of the same study, Jones et al. (12) measured the bioavailability of phylloquinone from within the food matrix of their 3 dietary cluster test meals relative to the 13 C-labeled tracer. Their results showed that the absorption of phylloquinone from the convenience meal (in which Figure 1 Intestinal absorption of dietary phylloquinone (K 1 ) and MK-7. In the intestinal lumen, K 1 and MK-7 are incorporated into mixed micelles comprising bile salts, the products of pancreatic lipolysis, and other dietary lipids. Mixed micelles are taken up by intestinal enterocytes of the small intestine and are incorporated into nascent CM, which have apoA and apoB-48 on their surface. CM are secreted from within the intestinal villi into the lymphatic capillaries (lacteals), which join larger lymphatic vessels and empty into the blood circulation via the thoracic duct. In the bloodstream, CM acquire apoC and apoE from HDL. CM enter the capillary beds of peripheral tissues where they lose much of their TG cargo through the action of LPL, at the same time losing apoA and C. The resulting CR that reenter the circulation are smaller and have a central lipid core with surface apoB-48 and apoE. CM, chylomicron; LPL, lipoprotein lipase; MK, menaquinone.
Vitamin K metabolism and requirements 183 80% of phylloquinone was in the oil phase) was >3-fold greater than the absorption from the other meal patterns, in which 80-90% of the phylloquinone was present in a vegetable matrix (12) . This finding is in accordance with the greater absorption efficiency of phylloquinone from fortified oil compared to broccoli (7) .
There is currently little information of the bioavailability of MK either from dietary sources to which they are minor contributors or from the bacterial flora of the gut. A comparative study of the plasma time curves of synthetic phylloquinone, MK-4, and MK-9 in healthy males given equivalent oral doses (2 mmol) showed that the peak concentrations (and AUC) for MK-4 and MK-9 were <20% of those for phylloquinone (16) . The reasons for the lower AUC for MK-4 and MK-9 are presently unknown but could be due to a faster absorption and clearance (likely for MK-4, which peaked early) and a less efficient absorption (likely for MK-9). The gut microflora has long been appreciated as a potentially large but unknown source of long-chain MK. The question of bioavailability of microfloral MK has been reviewed in detail elsewhere (17, 18) with a consensus that they do contribute to vitamin K nutrition but to a degree that is less important than was considered up until the 1980s.
Lipoprotein transport in the blood
Early studies using radiolabeled phylloquinone showed that after intestinal absorption, vitamin K first appears in lymph (19) and then enters the blood stream associated with CM (20) . Later investigations of lipoprotein transport after the administration of unlabeled (16, 21) or stable isotopelabeled phylloquinone (9) showed that the majority of phylloquinone was associated with TRL during the postprandial phase of absorption. When healthy volunteers were given unlabeled phylloquinone (w100-3000 mg) with a fat-rich meal, the concentrations of phylloquinone peaked in plasma at 6 h, at which time the proportion of phylloquinone in the TRL fraction ranged from 75 to 90% (16, 21) . The remaining phylloquinone was approximately equally distributed between LDL and HDL, with lesser amounts in the IDL fraction (16, 21) . A consistent finding was that phylloquinone peaked in plasma and the TRL fraction w3 h later than the TG present in the test meal (16, 21) . A similar phenomenon was seen for plasma retinyl esters after administration of vitamins A (22) and E (23) . Several hypotheses were forwarded to explain this relative delay of vitamin K compared to TG (21) . Apart from a delayed absorption at the intestinal absorption level, one possibility is that when CM undergo lipolysis in the capillary endothelium (catalyzed by LPL), the resulting CR retain their phylloquinone cargo to a much greater extent than TG. Another possibility is that CR taken up by the liver are resecreted with VLDL, which have an increased cargo of phylloquinone relative to TG (21) . However, the fractionation methods used in these studies did not differentiate between different classes of TRL comprising CM and CR of intestinal origin and VLDL secreted by the liver. One difference between phylloquinone and vitamins A and E is that in the fasting state, >70% of phylloquinone remains associated with TRL (9, 16, 21) , whereas this proportion falls to w40% for retinyl esters (22) and to w20 and 30% for a-and g-tocopherols, respectively (23) .
The use of deuterium or 13 C-labeled vegetables has enabled the study of the plasma kinetics and transport of phylloquinone at dietary intakes (70-400 mg) and within a food matrix that mimics the physiological situation (8) (9) (10) 13, 14) . After vegetable digestion, maximal plasma tracer phylloquinone concentrations tended to occur later than that for free phylloquinone (20) , with peak times ranging from 6 to 10 h, and then rapidly decreased (8) (9) (10) 13, 14) . After ingestion of deuterated collard greens, the maximal enrichment of plasma and TRL phylloquinone with deuterium was 88 and 89%, respectively, was reached at 6 h, and was no longer detectable in plasma after 72 h (9). The findings that the TRL fraction was the major carrier of physiologically presented phylloquinone (with later transfer of low amounts to LDL and HDL) parallels the findings with pharmacological doses (16, 21) . To date, no comparable studies using stable isotopes have been reported for any of the MK.
Mechanism of cellular uptake of vitamin K Uptake of vitamin K by the liver. There have been no direct studies of the mechanism of hepatic uptake of dietary vitamin K, but in common with the general principles of fat absorption, it may be inferred that the majority of vitamin K is delivered to the liver within the CR generated during the postprandial phase of intestinal absorption (Fig. 1) . The uptake process is complex and involves different apoproteins on the surface of lipoproteins, cell surface lowaffinity binding sites of HSPG, and high-affinity lipoprotein receptors that mediate internalization of the lipoprotein particles (24) . A simplified scheme of the postulated mechanism of vitamin K tissue uptake is shown in Figure 2 . One important receptor component is apoE, a 34-kDa protein that is produced and secreted by many cell types, including hepatocytes, and is a constituent of both TRL and HDL (25) . The primary relevance of apoE to the transport and cellular internalization of vitamin K is that it acts as a ligand that facilitates high-affinity binding of lipoproteins to the LDLR and other members of the LDLR family, which include the LRP and the VLDLR. It is the acquisition by CR of apoE from HDL and from cells within the immediate environment of CR that facilitates their binding to members of the LDLR family located on the surface of the same target cells by a process that has been described as secretioncapture (26, 27) . The binding and subsequent internalization of CR by the liver is facilitated by an interaction with cell surface HSPG (26) . In the case of the liver, the apoE-directed secretion-capture removal of CR takes place in the space of Disse (28) . Although there is no direct proof, it is assumed that the same hepatic uptake mechanism accounts for the rapid removal of phylloquinone from the circulation. The rapid uptake of phylloquinone by the liver is supported by the rapid appearance of radiolabeled excretory metabolites in urine (29) and the bile (30) after the administration of tracer doses of [ Uptake of phylloquinone by bone. Much less is known about the general molecular mechanisms of how lipoproteins deliver lipids and fat-soluble vitamins to extrahepatic tissues such as bone, although there are now studies that have specifically addressed the question of how phylloquinone is delivered to osteoblasts (Fig. 2) . The importance of this area for vitamin K centers on knowledge that bone matrix contains several Gla proteins [e.g., osteocalcin, matrix Gla protein (MGP), Gla-rich protein, and gas 6] that require vitamin K for their function (31) and by findings that undercarboxylated species of osteocalcin and MGP normally circulate in healthy people (32) .
Cell culture studies by Newman et al. (33) showed that both primary osteoblasts and osteoblast-like cells could internalize phylloquinone from all the major lipoprotein fractions in which the order of efficiency of uptake was LDL > TRL > HDL. For reasons already outlined, TRL are likely to be physiologically the most important carrier particle for phylloquinone. The mechanism of cellular uptake of TRL-associated phylloquinone was shown to be dependent on both HSPG and apoE, implying the presence of receptors of the LDLR family on the surface of osteoblasts (33) . The results suggested that mature osteoblasts can effectively take up vitamin K directly from lipoproteins delivered to them in the blood. In support of this concept are findings that the fraction of circulating ucOC rapidly decreases in response to dietary phylloquinone supplementation in healthy volunteers (34) .
In 2005, Niemeier et al. (35) showed that human osteoblasts expressed the lipoprotein receptors LDLR, LRP1, and, to a lesser degree, the VLDLR. Immunohistochemical analysis of sections of normal human bone showed that LRP1 was strongly expressed by osteoblasts and marrow stromal cells. Studies of the uptake of labeled, humanderived CR in the presence and absence of specific inhibitors and stimulators suggested that LRP1 was the predominant CR receptor on human osteoblasts. In common with liver cells, uptake of CR by osteoblasts was shown to involve receptor-mediated endocytosis, which was stimulated by exogenous apoE and LPL (35) . The relevance of this mechanism to phylloquinone uptake was demonstrated by evidence that human-derived CR isolated after a phylloquinone-rich meal had the capacity to stimulate g-carboxylation of osteocalcin in osteoblasts in vitro within 1-4 h (35). This in vitro uptake of CR into osteoblasts assessed by a functional marker of vitamin K status was also stimulated by exogenous apoE and LPL (35) .
Quantitative and mechanistic aspects of the delivery of intestinally derived lipoproteins to extrahepatic tissues, including bone, were addressed in a series of animal studies by Hussain et al. (36) (37) (38) . Like the liver, bone marrow has direct access to circulating blood and in several species acts as a rapid and major metabolic sink for the uptake of both CM and CR (38) . For example, the uptake of TRL by the bone marrow in marmosets (a new world primate and, by inference, a model for humans) accounted for 20-50% of the amounts taken up by the liver (38) . The cells responsible for the uptake of CM by the bone marrow were the perisinusoidal macrophages (36) (37) (38) . Because osteocalcin, in common with other noncartilaginous proteins, is synthesized by the osteoblasts, vitamin K needs to be transported to these anabolic cells so that osteocalcin can undergo g-glutamyl carboxylation. Kohlmeier et al. (39) reasoned that stromal and mesenchymal stem cells, which Figure 2 Uptake of phylloquinone (K 1 ) and MK-7 by liver and by bone. It is likely that a major fraction of dietary K 1 and MK-7 is delivered to the liver and bone within the CR, which have apoB-48 and apoE on their surface. CR can interact with cell surface lipoprotein receptors (e.g., LDLR and LRP) and are taken up by target cells by receptor-mediated endocytosis. There is evidence that K 1 and especially MK-7 are incorporated into LDL through the hepatic export of VLDL (bearing surface apoB-100, C, and E) followed by their subsequent dilapidation in capillaries to VLDL remnants (IDL) and further catabolism to LDL (bearing surface apoB-100). It is known that human osteoblasts express the LDLR and LRP1 and that LRP1 plays a predominant role in the uptake of CR by osteoblasts, including the ability to utilize K 1 -rich CR for g-carboxylation of osteocalcin. CR, chylomicron remnant; LDLR, LDL receptor; LRP, LDL receptor-related protein; MK, menaquinone.
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are obligatory precursors of all bone-forming cells, may acquire vitamin K while residing within the bone marrow and be a source of osteoblastic vitamin K. Later studies by Niemeier et al. (40) showed that fluorescently labeled CR localized with the sinusoidal endothelial cells in bone and phylloquinone-enriched CR could also be directly taken up and utilized by osteoblasts in vivo for the g-carboxylation of osteocalcin. The quantitative importance of osteoblasts to the removal of CR from the circulation was shown by the finding that the amount of radiolabeled CR taken up into femoral cortical bone was similar to that taken up by the bone marrow. Importantly, in the context of vitamin K, the uptake of CR by osteoblasts occurred within 20 min of their injection. The authors proposed that just as in the liver, sinusoidal endothelial cells serve as a docking site to concentrate CR in the bone marrow. This would then be followed by transport through the endothelial fenestrae to the subendothelial space where CR are enriched with osteoblastderived apoE, interact with osteoblast receptors, and are internalized (40) . The final proof that osteoblasts can rapidly utilize phylloquinone-loaded CR was the finding of a small but significant increase in the g-carboxylated fraction of circulating osteocalcin within 4 h after injection of the CR (40) .
Lipoprotein transport and cellular uptake of MK. To date, very little is known of the intestinal absorption and metabolism of MK in humans, although some characteristics of the plasma transport of MK-4, MK-7, and MK-9 were delineated in 2 studies by Schurgers et al. (16, 41) .
In the first study, 6 healthy volunteers simultaneously ingested 2-mmol doses of phylloquinone, MK-4, and MK-9 (16). The serum and lipoprotein time course profiles of MK-4 and MK-9 showed distinct differences both from each other and from phylloquinone, as did the AUC values during the postprandial phase. Whereas both serum phylloquinone and MK-9 peaked at 4 h, the serum peak of MK-4 was earlier at 2 h and coincided with the peak of TG from the test meal. In the early phase of absorption (0-4 h), MK-4 and MK-9 behaved in the same way as phylloquinone in being predominately associated with TRL, although the absolute concentrations of MK-4 and MK-9 in the TRL fraction were less than one-fifth of that for phylloquinone. One difference between MK-4 and MK-9 was that at later times, MK-4 transferred to LDL and then to HDL, whereas MK-9 was found only with LDL, with high concentrations being maintained for up to 50 h (16). It should be noted that because MK-4 and MK-9 are normally undetectable in plasma (unlike phylloquinone), the lipoprotein distributions found in this study would have reflected the metabolism of the original administered dose. In the second study, Schurgers et al. (41) examined the plasma disappearance kinetics of MK-7, which is a constituent of the Japanese fermented food natto, but is otherwise a minor component of most diets. When MK-7 was given as a single oral dose, it was found that its delayed plasma clearance kinetics resembled that of MK-9 in their earlier study (16) . By analogy to MK-9, it seems likely that the prolonged half-life of MK-7 results from its association with the LDL fraction. This second publication (41) also contained a crossover study in which healthy volunteers were fed daily equimolar (0.22 mmol) doses of either phylloquinone or MK-7 for 40 d. This showed that serum concentrations of phylloquinone and MK-7 reached a plateau after 3 and 20 d, respectively, with MK-7 attaining serum concentrations that were 7-to 8-fold higher than those for phylloquinone. These higher concentrations of MK-7 were associated with a greater tissue uptake and biological activity in bone as evidenced by an increased proportion of serum g-carboxylated osteocalcin that plateaued after 3 d in the phylloquinone arm but continued to rise for at least 40 d in the MK-7 arm (41). The hypothesis that vitamin K carried with LDL can be delivered to osteoblasts is supported by previous findings that LDL labeled with [ 3 H]-phylloquinone are readily internalized by osteoblasts in cell culture (33) and that the LDLR is expressed by osteoblasts (35) . Certainly, this would explain the greater biological efficacy of MK-7 compared to phylloquinone in stimulating g-carboxylation of osteocalcin in healthy volunteers (41) .
The greater bioactivity of MK-7 compared to phylloquinone also extended to coagulation factor synthesis in the liver as shown in a crossover study in volunteers who had been stabilized on the vitamin K antagonist, acenocoumarol (41) , and were then given increasing oral doses of either phylloquinone or MK-7 without alteration of the antagonist dose. The decreases in the international normalized ratio in each study arm revealed that on a molar basis, MK-7 was 3 to 4 times more potent than phylloquinone as an antidote to vitamin K antagonists (41) .
Inter-individual variation in response to vitamin K from the diet Of all the fat-soluble vitamins, vitamin K (as phylloquinone) has the largest intra-:inter-individual variation ratios for diet and fasting plasma concentrations, even after accounting for effects of food matrices (42) . An unpredictable intra-individual variability in phylloquinone bioavailability has been noted in most absorption studies (5, 11, 12, 14) , suggesting the need to account for nondietary factors. Men and women do not appear to have significant differences in vitamin K bioavailability (6, 7, 11, 12, 14) , whereas age may be a nondietary factor influencing response (7, 34) . In 2 residential studies (7, 34) , plasma phylloquinone AUC values after fortified meals were significantly higher in older adults compared to younger adults, but this age effect disappeared when plasma phylloquinone concentrations were adjusted for the higher TG concentrations of older people (7) . No difference between younger and older adults was seen in the response of the functional marker percent ucOC to dietary intervention (34) . The large range of bioavailability of phylloquinone from isotopically labeled kale of 1-14% (CV 100%) would be expected to reflect to some degree interindividual variations in the ability to digest the plant matrix (14) . On the other hand, the AUC of pure tracer 13 C-labeled phylloquinone also showed a high variability even when taken with the same standardized meal (12) . The reported wide range of bioavailability of 2-26% for the absorption of free ring-D 4 labeled phylloquinone is difficult to interpret because of the unexpectedly low bioavailability in this study that might reflect the form in which the dose was given or the absence of a test meal (11) . There are no studies that have examined nondietary sources of variability in response to MK intake. Shea et al. (43) 
Genetic variations in APOE are to known to influence lipoprotein transport and cellular uptake both in vivo and in vitro. Using the rate of removal of retinyl ester-labeled CR as a marker of intestinally derived TRL, Weintraub et al. (44) reported that clearance rates from fast to slow followed the order of alleles E4 > E3 > E2 and others have reported a delayed clearance in E2 carriers (45, 46) . Associations with APOE genotype have been reported for endogenous phylloquinone concentrations and the functional marker percent ucOC, but the results lack consensus. A study in renal patients on maintenance hemodialysis reported that plasma phylloquinone was related to APOE genotype in the order of E2 > E3 > E4 (47) . This would be the order predicted if fasting phylloquinone was solely dependent on the rate of clearance of intestinally derived TRL. A later study in a much larger population of hemodialysis patients did not show any dependence of fasting phylloquinone concentrations on APOE phenotypes, although patients with an APOE4 allele had a significantly higher circulating percent ucOC, suggesting a lower vitamin K status of bone (48) .
Studies to find out whether APOE-vitamin K relationships exist in healthy populations have also proved contradictory. In a study of healthy older adults living in the UK or China, Yan et al. (49) reported that participants from the UK with an APOE4 allele (E3/4 + E4/4) had significantly higher fasting phylloquinone concentrations than those with either E2/3 or E3/3 genotypes. Chinese participants with APOE4 also showed significantly lower levels of ucOC (adjusted for total osteocalcin) than those with either E2/3 or E3/3, suggesting a higher bioavailability of vitamin K to bone in APOE4 participants (49) . Opposite findings to the UK-Chinese study (49) were recently reported in a U.S. study of an older, primarily Caucasian, population in which individuals with the APOE2/3 genotype had higher serum phylloquinone concentrations than those with other genotypes (50) . In this study, there was no association of APOE polymorphisms with percent ucOC (50) .
APOE genotype and relative delivery of vitamin K to liver and bone. Based on relationships of fasting phylloquinone to APOE genotype in hemodialysis patients, Kohlmeier et al. (39, 47) postulated that the APOE genotype was a significant determinant of vitamin K availability to extrahepatic tissues such as bone. The basis of this hypothesis is that the delivery of vitamin K to bone is less efficient than to the liver, as evidenced in part by the fact that in healthy individuals, hepatic Gla coagulation proteins are fully g-carboxylated, whereas bone Gla proteins such as osteocalcin are only partially g-carboxylated. This suggested that the liver and bone might compete for available amounts of circulating vitamin K carried by lipoproteins. The original postulate (39, 47) was that if the APOE4 allele promoted faster hepatic uptake of TRL-vitamin K, there might be a sparing effect on the delivery and therefore availability of vitamin K to bone, with opposite effects for the APOE2 allele. At the cellular level, there is in vitro evidence that apoE4 is the most effective isoform in stimulating [
3 H]-phylloquinone-labeled TRL uptake into osteoblasts (33) and the defective binding of apoE2 to LDLR is well described (51, 52) .
The hypothesis that the APOE4 genotype accelerates the hepatic uptake of phylloquinone was based on 2 assumptions, first that retinyl esters are markers of intestinally derived TRL and second that fasting concentrations of phylloquinone reflect only the rate of clearance of intestinally derived TRL. Both these assumptions are open to question. The specificity of the vitamin A fat-loading test for measuring clearance of intestinally derived TRL (44) has been questioned, because as postprandial lipemia progresses, increasing proportions of retinyl esters are carried by LDL (22) . A similar transfer of 30-40% of circulating phylloquinone to LDL and HDL is also seen in the later postprandial phase (16, 21) . Furthermore, when apoB-48 and apoB-100 were employed as more specific markers of intestinally and hepatically derived TRL, respectively (Figs. 1 and 2 ), Bergeron and Havel (53) found that rather than enhancing the clearance of CM, CR, and VLDL, the APOE4 allele impaired their clearance.
Several investigators have also sought to find out whether APOE polymorphisms affected the dose requirements of vitamin K antagonists. The main working hypothesis was that if the APOE4 allele enhanced hepatic uptake of vitamin K (39,47), the warfarin dose would be expected to be higher for APOE4 carriers than for other genotypes. The results have been mixed and often population dependent. For the APOE4 allele, some studies have shown the expected increased warfarin dose requirement (54, 55) , but other studies have shown a lower requirement (56, 57) . For the APOE2 allele, a lower warfarin dose requirement has been reported (58) . Usually, the contribution of APOE genotype to warfarin dose requirements is small.
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In summary, the results of the effect of APOE genotype on vitamin K metabolism suggest that the hypothesis of apoE-dependent mechanisms that lead to liver and bone competing with each other for available circulating vitamin K is too simplistic. Of note is the conflicting evidence that individuals with the APOE4 allele either had the lowest (47) or highest (49) phylloquinone concentrations. Another interpretative problem is that the effect of the APOE4 allele on the clearance of intestinally derived TRL is itself contradictory, being either accelerated (44) or delayed (53) according to how this is measured. The associations of APOE genotypes with functional markers such as percent ucOC are also inconsistent. Whatever the modulating role of apoE in the delivery and uptake by bone, several studies have shown correlations between circulating concentrations of phylloquinone (59), MK-7 (41), and TG (39, 47) and the g-carboxylation status of osteocalcin. Although larger population studies may help to clarify any genetic influences of apoE on vitamin K metabolism, detailed studies measuring the clearance of TRL-bound phylloquinone in the same way as has been carried out for vitamin A are also warranted.
Interconversion of phylloquinone to MK-4
A potential complication to any consideration of the relationship of vitamin K metabolism to human requirements is a pathway by which phylloquinone can be converted in the body to MK-4. Although the existence of this pathway has been known since the 1950s, the biochemistry of this transformation has remained elusive. A recent advance is the identification of a novel human prenyltransferase (UBIAD1) that Nakagawa et al. (60) proposed not only catalyzed the well-described prenylation of precursor menadione to MK-4 but might also be responsible for the initial side chain cleavage of phylloquinone or other MK. Before UBIAD1 had been implicated in this interconversion, Thijssen et al. (61) had presented evidence that menadione is a physiological human metabolite that could be measured in the urine. Daily excretion of menadione was of the order of 5 mg, but this was increased when exogenous doses of phylloquinone, MK-7, or MK-4 were given by the oral route but not when given by the s.c. route, despite the latter being efficiently released into the plasma compartment. It was previously shown that this conversion of phylloquinone to MK-4 could occur in germ-free rats; this together with the human findings of the dependence on the oral route and the rapid appearance of menadione in the urine pointed to the possibility that the release of menadione may have occurred during intestinal absorption within the enterocyte (61) . The extent of the conversion to MK-4 was estimated to range from 5 to 25% of the ingested phylloquinone. If this is true, it would obviously have implications to our current understanding of the human requirements for phylloquinone, which hitherto have always been considered independently of the possibility of its conversion to MK-4. The same is true for MK such as MK-7, which was also shown to release urinary menadione (61) .
Vitamin K-epoxide cycle
The vitamin K-epoxide cycle is pivotal to both the function of vitamin K and to the conservation of the microsomal cellular stores of vitamin K. The cycle encompasses both the glutamyl g-carboxylation step of vitamin K-dependent proteins and the recovery of the cofactor vitamin K quinol that is oxidized to vitamin K epoxide metabolite as a consequence of g-carboxylation (62,63). It involves 2 major integralmembrane proteins: g-glutamyl carboxylase (GGCX) and vitamin K epoxide reductase (VKOR). Evidence suggests that both these enzymes are part of a concerted mechanism for the efficient oxidation and reduction of membrane-bound vitamin K (64) . In a nutritional context, the fact that cells possess the machinery for the efficient recycling of vitamin K consumed during g-carboxylation can be regarded as a local salvage pathway to preserve limited stores of vitamin K. This is illustrated clinically in infants born with a defective VKOR who often present with severe coagulopathy and/or skeletal defects (65) .
The VKOR protein contains 163 amino acid residues, of which subunit 1 (VKORC1) is essential for VKOR enzymatic activity (66) . Several common polymorphisms have been reported within the VKORC1 gene and have been attributed to the inter-individual variability in warfarin dose (67) . Similarly, the GGCX gene exhibits common polymorphisms that have been linked to variability in warfarin dose, although the data are less consistent compared to VKORC1 (68) (69) (70) . It is assumed that VKORC1 and GGCX polymorphisms that have been reported to influence vitamin K recycling in the liver are also likely to have parallel effects on extrahepatic tissues. Indeed, VKORC1 polymorphisms have been associated with risk of vascular disease and the vitamin K functional marker percent ucOC in a Chinese cohort (71) . The GGCX rs699664 single nucleotide polymorphism that causes a single nucleotide substitute of glutamine to arginine is not associated with warfarin variability but has been proposed to increase g-carboxylation of osteocalcin, resulting in higher BMD (72) . In a study of community-dwelling elderly who were participating in a vitamin K randomized clinical trial, there were significant cross-sectional associations between measures of vitamin K status (plasma phylloquinone and/or percent ucOC) and polymorphisms of both VKORC1 and GGCX (73). However, there were no detectable genotype effects on the response to 3 y of phylloquinone supplementation. This may have been in part a consequence of the overall health of the study participants and, hence, lack of phenotypic responses, a common phenomenon in randomized clinical trials (74) .
Catabolism of vitamin K
Humans excrete phylloquinone and MK by a common degradative pathway whereby the polyisoprenoid side chain is first shortened to 2 major carboxylic acid metabolites with 7-and 5-carbon side chains, respectively; the metabolites are then conjugated, mainly with glucuronic acid, and excreted in the bile and urine (75, 76) . The enzymological details of the biochemical pathway have not yet been studied in any detail, but by analogy to similar isoprenoids, the side chain is thought to be metabolized by an initial v-hydroxylation followed by a progressive side-chain shortening via the b-oxidation pathway (76) . Recently, searches for genetic polymorphisms of cytochrome P450 that might influence warfarin dosage led to the discovery of a DNA variant (rs2108622; V433M) of cytochrome P450 4F2 (CYP4F2) that caused an increase in warfarin dose requirements in a European-American cohort of patients (77) . In doseresponse terms, patients with 2 TT alleles required~1 mg/d more warfarin than patients with 2 CC alleles (77) . Based on knowledge that CYP4F2 participates in the v-hydroxylation of tocopherols, Caldwell et al. (77) speculated that CYP4F2 might also hydroxylate the isoprenoid side chain of vitamin K. Support for this hypothesis was subsequently obtained by Alan Rettie's group, who showed that recombinant CYP4F2 could catalyze the conversion of phylloquinone to a novel oxidized metabolite tentatively identified as the previously predicted v-hydroxylation product of phylloquinone (78) . The significance of the V433M polymorphism was shown by findings that human liver microsomes obtained from carriers of this variant had a reduced ability to oxidize phylloquinone and lower protein concentrations of CYP4F2 (78) . The reason why carriers of the CYP4F2 V433M allele required higher doses of warfarin could therefore be explained by invoking their lower capacity to metabolize vitamin K, leading to presumed higher hepatic concentrations. Although there is as yet no direct proof, one predictive outcome relevant to the setting of human requirements is that carriers of this V433M variant should require lower dietary intakes of vitamin K compared to noncarriers to maintain an equivalent vitamin K status. One possible demographic impact of this polymorphism to vitamin K requirements is that the minor allele frequency for CYP4F2 is~30% in whites and Asians but only 7% in blacks (77) .
One notable feature of vitamin K metabolism compared to other fat-soluble vitamins is that the most abundant dietary form, phylloquinone is poorly retained in the body. Although there are limited data, early studies with [ 3 H]-labeled phylloquinone indicated that w60-70% of doses in the range of 45-1000 mg of phylloquinone were excreted within 5 d (15) . These high losses may give added importance to a gene such as CYP4F2 that influences the ability of the liver to catalyze the synthesis of the initial v-hydroxylation product in the catabolic pathway. The recent development of methods for measuring endogenous concentrations of these urinary metabolites has enabled their measurement in 24-h collections in response to varying intakes of phylloquinone diets in a dietary controlled residential environment (79) . The results showed that urinary output of vitamin K metabolites significantly declined by w20% during 15 d of dietary restriction (11 mg/d) and increased rapidly on a repletion diet (206 mg/d). A potential advantage of measuring urinary excretion is that the catabolic pathway is common to all K vitamins so that the excretion of the 2 terminal metabolites represents turnover and losses of the total body pool of vitamin K (79) . As such, it represents a global biomarker of vitamin K metabolism with the caveat that a larger proportion of dietary vitamin K is excreted in the bile (15) .
Nutritional deficiency syndromes and human requirements
Despite the many efforts in recent years to demonstrate the disease-preventing roles of the plethora of Gla proteins that are present in the human body, the only disease outcome of clinical concern that can be shown to specifically relate to a nutritional deficiency of vitamin K in otherwise healthy individuals occurs during early infancy. This is a bleeding disorder previously known as hemorrhagic disease of the newborn and now renamed VKDB (80) . Perhaps to this definition of a condition being caused by an acute deficiency should be added the rare but now fairly well-characterized cases of severe vitamin K maternal deficiency during pregnancy that result in infants being born with a condition known as chondrodysplasia punctata (81, 82) . Less clear is the relationship of vitamin K status with chronic diseases such as osteoporosis and cardiovascular disease for which vitamin K research has centered on the possible health roles of osteocalcin and MGP, respectively (31). More recently, there has been interest in the possible role of osteocalcin and vitamin K status in glucose homeostasis (31) .
Vitamin K deficiency bleeding in early infancy
There is a narrow window from birth to 6 mo of life when the human infant is exposed to a small but potentially lifethreatening risk of bleeding (80) . In late onset VKDB, with a peak incidence between 3 and 8 wk, infants typically present with intracranial bleeding, which may result in death or permanent neurological damage. The major nutritional risk is to those infants who are exclusively breastfed. Greer et al. (83) measured phylloquinone intakes in a North American cohort of exclusively breast-fed infants over 3 consecutive 24-h periods at 2, 12, and 26 wk and reported daily intakes that averaged 0.55, 0.74, and 0.56 mg, respectively, and ranged from 0.1 to 2.1 mg. When expressed per kilogram body weight, the average daily intakes at 6 and 12 wk were 9.3 and 8.3 mg/kg, respectively, which represent about one-tenth of the intakes of healthy adults. Formulafed infants are protected from VKDB, because phylloquinone contents of milk formulas are typically 50-fold higher than human milk, providing average daily intakes of w50 mg of phylloquinone (83). Greer et al. (83) found that this huge disparity in intakes was mirrored in plasma phylloquinone, with mean concentrations ranging from 0.29 to 0.53 nmol/L (0.13-0.24 mg/L) in breast-fed infants and from 9.8 to 13.3 nmol/L (4.4-6.0 mg/L) in formula-fed infants.
While the generally low, weight-adjusted intakes of phylloquinone in breast-fed infants account for the much higher prevalence of VKDB in breast-fed infants as a group, knowledge of the precipitating factors that trigger VKDB in an individual infant are less well understood. In some infants, underlying pathologies that cause cholestasis with resultant Vitamin K metabolism and requirements 189 malabsorption of vitamin K may be identified, but in a substantial proportion no predisposing factor is found (80) .
Geographical variation of VKDB. Epidemiological studies of the incidence of late VKDB have indicated that China, Japan, and countries within Southeast Asia such as Thailand and Vietnam have higher rates of VKDB than in the rest of the world. This is most accurately exemplified by comparing the incidence of VKDB between countries that have published data from nationally representative surveillance programs such as those carried out in the UK, The Netherlands, Germany, Switzerland, Australia, New Zealand, and Japan (80) . In other countries such as Thailand, China, and Vietnam, regional surveys have also yielded valuable incidence data of VKDB. Care needs to be taken in comparing incidence data because of the different methodologies and case definitions. Where acceptable criteria for international comparisons have been met, the incidence of late VKDB in infants not given vitamin K prophylaxis has been shown to be w5 cases/10 5 births in Western European countries compared to 11 and 72/10 5 births in Japan and Thailand, respectively (80).
Concepts of vitamin K requirements during early infancy
The AI for infants aged 0-6 mo is based on an average daily intake of milk of 0.78 L and an average phylloquinone concentration in human milk of 2.5 mg/L (1). This gives an AI of 2.0 mg/d after rounding. The weak link in this calculation as a precise AI value lies with the fairly wide variations in the reported concentrations of phylloquinone in breast milk, for which the largest component contributing to variability is likely to be caused by methodological differences rather than to differences between the populations studied. Thus, the data used for this calculation (1) included 4 individual studies from 2 groups in the US, one of which reported average concentrations in mature breast milk that ranged from 0.86 to 1.17 mg/d (83) , and the other group reported average concentrations that were much higher and ranged from 2.31 to 3.15 mg/d (84, 85) . Notably, the nonoverlapping, quite tight range of average values for mature milk reported by each laboratory were obtained over 4 similar time points taken over 6 mo. Hence, using the lower values for breast milk concentrations, which also agree more closely with European values (86) , the estimated vitamin K intake would be w0.5 mg/d and using the higher values, w2.5 mg/d.
It is generally agreed that the vitamin K coagulation status of the healthy newborn infant is brittle. This conclusion is based on both tissue analyses of K vitamins and on sensitive functional assays such as PIVKA-II that can detect undercarboxylated species of factor II well before there are any changes in global coagulation assays such as the prothrombin time. Whereas detectable concentrations of PIVKA-II are rarely detected in healthy adults, elevated concentrations are fairly common in the cord blood of healthy newborns. The prevalence of a raised PIVKA-II in cord blood depends on both the sensitivity of the PIVKA-II method and the population being studied. The analysis of blood samples collected from 693 cord/mother pairs in Thailand showed that the prevalence of detectable PIVKA-II in cord samples was 16%, of which 1.5% had a PIVKA-II level that would have been expected to be associated with a clinically significant lengthening of the prothrombin time (87) . Interestingly, 12% of mothers had a detectable PIVKA-II, but there was no association between the presence of PIVKA-II in infants and mothers (87) . In the same Thai study, infants categorized as high risk according to birth weight and delivery type had a higher median detectable PIVKA-II concentration than infants categorized as normal risk as well as a higher prevalence of PIVKA-II concentrations considered to be clinically relevant (87) . Analysis of dietary intakes of vitamin K in a subgroup of 106 mothers showed that those Thai mothers who had phylloquinone intakes below the US. AI for pregnancy (<90 mg/d) had a higher prevalence of functional subclinical vitamin K deficiency as measured by a detectable PIVKA-II than mothers with adequate intakes (18.8 vs. 3.3%). The median intake of phylloquinone in Thai mothers as measured by FFQ was 241 mg/d and was comparable to previously reported intakes in the US and Europe (4).
Metabolic risk factors in early infancy. The concentrations of phylloquinone in cord blood are <0.1 nmol/L (<50 ng/L) and are generally too low to be accurately measured. However, the fact that the average maternal/neonatal cord concentration gradient of phylloquinone is within the range of 20:1 to 40:1 has led to the concept of a placental barrier to phylloquinone, which is fairly unresponsive to maternal vitamin K supplementation (17) .
There is limited information of liver stores of vitamin K in fetuses and young infants, but the difference between fetal/neonatal and adult concentrations is much less than the 20-to 40-fold difference between blood concentrations. In the largest study (88) , the median hepatic concentration of phylloquinone in infants at term was 2.2 pmol/g compared to a median of 12 pmol/g in adults. Concentrations of w2-4 pmol/g were detected as early as 10 wk of gestation, suggesting that the concept of a placental barrier for phylloquinone may be overplayed. The major difference between fetal/neonatal hepatic reserves and those of adults is that whereas the long-chain MK (mainly MK 7-13) make up the majority of adult reserves (w90%), they are absent, or very low, at birth and build up slowly over several weeks (17) . This slow buildup of hepatic MK would be consistent with the colonization of the neonatal gut by MK-producing bacteria, although some dietary contribution cannot be ruled out. The implication that low hepatic reserves of MK may be a major contributory factor to the brittleness of neonatal vitamin K status is enticing but presently lacks hard evidence.
Vitamin K prophylaxis for newborns. The American Academy of Pediatrics has recommended the parenteral administration of the natural plant form phylloquinone for the prevention of VKDB since 1961 (89) . Before 1961, the only vitamin K compounds available for vitamin K prophylaxis had been water-soluble derivatives of menadione that in large doses or in certain hereditary conditions were shown to be associated with hemolytic anemia, hyperbilirubinemia, and kernicterus (89) . No such toxicity was found for the naturally occurring phylloquinone. The routine application of vitamin K prophylaxis to all newborns has had a checkered history (in some countries more than others) that includes the problem with toxicity of menadione derivatives, ignorance of the incidence of VKDB leading to beliefs that prophylaxis was unnecessary, and a subsequently unsubstantiated concern of an association between intramuscular phylloquinone prophylaxis and later childhood cancer (90) .
In the last 20 y, and especially with incidence data gathered from active surveillance of VKDB, there has been a growing consensus that vitamin K prophylaxis is required for all newborn infants. This consensus cuts across both developed and developing countries and has been reinforced by the conclusions of expert committees (91) . However, there still remains a lack of consensus of the most effective dose regimen that would protect almost all infants from VKDB. It is generally agreed that the i.m. injection of 0.5-1.0 mg of phylloquinone (phytomenadione, phytonadione) provides the best protection against late VKDB, probably because muscle acts as a depot from which the lipophilic vitamin leaches out slowly over several weeks (92) . The i.m. injections are the most common route in the US, and in many states such as New York, i.m. prophylaxis is mandatory (93) . In other countries such as Germany and The Netherlands, oral regimes are more popular. In the UK, the choice of prophylactic regime is made locally and has been described as chaotic (94) . In the UK, there are also discreet regional differences, with the northeast region recently changing to an oral policy comprising a 1-mg oral dose at birth followed by a daily dose of 50 mg phylloquinone for 3 mo (95) .
Another potential concern of some prophylactic regimens, which particularly applies to preterm infants, is the markedly supraphysiological tissue concentrations that for serum can be several 100-fold higher than normal (96) . A recent study provided evidence that the combination of a raised serum vitamin K epoxide concentration with an increased proportional excretion of the 7-carbon side chain urinary metabolite may together indicate a metabolic overload of both vitamin K recycling and catabolic pathways (97) . This is an example of how specific measurements of vitamin K metabolites might help to set optimal dosage guidelines for the prevention of VKDB.
Concepts of vitamin K requirements in adults
As reviewed elsewhere in this volume, vitamin K is an emerging factor in the regulation of calcification in multiple tissues, including vessel walls and cartilage (31) , and the recent identification of a new enzyme (UBIAD1) involved in vitamin K metabolism provides evidence for potential novel physiological roles for vitamin K (60). Another enzyme (CYP4F2) may have a role in regulating the rate of catabolism of vitamin K. Despite these exciting developments, the gaps in knowledge regarding vitamin K metabolism and function impede the ability to establish optimal dietary recommendations for vitamin K.
To establish dietary requirements for vitamin K, it is essential to have a biomarker or clinical endpoint that reflects the consequence of vitamin K adequacy. When compared globally, dietary recommendations for vitamin K have a 2-fold range among adults ( Table 1) . This range reflects the lack of consensus on a suitable endpoint or biomarker of adequacy from which to base recommendations.
The best understood role of vitamin K is as an enzyme cofactor. However, dietary intakes of phylloquinone required for full or optimal g-carboxylation of coagulation or extrahepatic Gla proteins, respectively, have not yet been determined. Coagulation proteins are the best characterized Gla proteins, and although a hemorrhagic event is the classical sign of vitamin K deficiency, frank vitamin K deficiency is extremely rare in the adult population (1). Furthermore, measurements of coagulation are insensitive measures of vitamin K status and have limited value in establishing dietary recommendations (98) . Despite this, the first attempts at establishing dietary requirements were based on the amount of vitamin K that was required to restore abnormal coagulation in hospitalized elderly male patients (99). This gave rise to an initial estimate of 0.75-1.0 mg/(kg $ d), which in the US was revised in the mid-1980s to 75 to 90 mg/d for women and men, respectively. In the last 2 decades, there has been growing interest in Gla proteins in bone, specifically osteocalcin. There has been much controversy regarding the role of vitamin K in bone health, because dietary intakes of vitamin K, and concomitant changes in biomarkers of vitamin K status, are indicative of a healthy diet and lifestyle (100) . Observational studies that report associations between vitamin K and bone health have been unable to isolate the effect of vitamin K from that of a healthy diet (101, 102) . Critical evaluation of the randomized clinical trials, as reviewed elsewhere in this volume, does not support the use of bone outcomes, including percent ucOC, as a physiological measure from which to derive vitamin K dietary requirements.
It is now emerging that vitamin K and vitamin Kdependent proteins have potential physiological roles beyond coagulation and bone metabolism (31) . Putative regulatory roles include: calcification processes in multiple tissues (31) , key enzymes involved in sphingolipid metabolism (103) , energy metabolism and inflammation (31) , and the prevention of oxidative injury in vivo (104) . However, these potential roles for vitamin K require confirmation in controlled doseresponse trials, with validation of suitable biomarkers or clinical endpoints in order to determine vitamin K requirements for optimal health.
In this context, the AI for vitamin K was established at 90 mg/d for women and 120 mg/d for men for the US and Canada in 2001 and was based on median phylloquinone intakes estimated from national surveys (1). The importance of MK to adequacy is unknown and has not been considered to date in forming dietary recommendations. The extent to which endogenous MK production contributes to the daily requirement for vitamin K is not known (17, 18) . A subclinical deficiency of vitamin K, as indicated by sensitive biochemical measures of vitamin K status, can be created within days by limiting dietary intakes of phylloquinone without a concomitant change in gut flora or MK status, which suggests that MK are not utilized in sufficient amounts to maintain g-carboxylation of all vitamin K-dependent proteins (34, 105, 106) .
Conclusions and future directions
A decade after the US Food and Nutrition Board (1) considered vitamin K requirements, it is reasonable to ask to what extent our knowledge of nutritional concepts and metabolism of vitamin K has advanced. At that time, there had been no stable isotope studies of vitamin K and our knowledge of bioavailability was poor. Since then, there have been a number of studies in which stable isotope methodologies have been applied to the assessment of the bioavailability of phylloquinone in its free state and, more importantly, when incorporated into a plant matrix. This is still a difficult area for research because of the low tissue concentrations and the variety of molecular forms. There is a clear need for stable isotope techniques with enhanced sensitivity to be able to answer the many outstanding questions. A good illustration of the limitations of using unlabeled K vitamins is in lipoprotein transport and cellular uptake, because it is not possible to differentiate between the vitamer originating from the administration of the original dose from the stores already in the body and at later times new intakes from food sources. The potential interpretative problems include those associated with nonphysiological doses, how the bolus given might exchange with preexisting pools, and the inability to detect metabolic events such as is known for the inter-conversion of phylloquinone to MK-4. Nevertheless, some progress has been made in delineating certain features of the mode of transport of K vitamins in blood, which have included identification of their likely mode of cellular uptake by bone and the receptors involved. However, distinct differences are seen in the plasma transport and clearance rates of various molecular forms of vitamin K and these require further investigation by stable isotope techniques.
Another area for future research is the evidence that common polymorphisms or haplotypes in certain key genes implicated in vitamin K metabolism (e.g., APOE, VKOR, CYP4F2) might affect nutritional requirements. Thus far, much of this evidence is indirect via effects on warfarin dose requirements and for some (e.g., APOE), the data are inconsistent and often contradictory.
VKDB in early infancy continues to be a leading cause of intracranial bleeding even in developed countries (107) and the reasons for its higher prevalence in certain Asian countries has not been solved. Whether this susceptibility to VKDB is connected to the known lower warfarin doses required by persons of Asian ancestry and a low-warfarin-dose VKOR haplotype identified in this population (108) is worthy of further exploration. There is almost universal consensus for the need for vitamin K prophylaxis to prevent VKDB, but in many countries the method of vitamin K prophylaxis is haphazard. The effectiveness of any vitamin K prophylactic regimen needs to based on sound nutritional principles balancing underdosage against overdosage and should form part of any discussion on vitamin K requirements.
New roles for vitamin K in reducing risk of certain chronic diseases have been proposed since 2001. However, the lack of suitable biomarkers or clinical endpoints continues to limit the ability to define the optimal intake of vitamin K for adults. Similarly, as new knowledge is gained regarding the roles of multiple forms of vitamin K, it is apparent that future recommendations need to account for differences in their bioavailability. The application of stable isotope technology to future studies of relative bioavailability of phylloquinone and MK will be critical.
